We describe a microfluidic device capable of trapping, isolating, and lysing individual cells in parallel using dielectrophoretic forces and a system of PDMS channels and valves. The device consists of a glass substrate patterned with electrodes and two PDMS layers comprising of the microfluidic channels and valve control channels. Individual cells are captured by positive dielectrophoresis using the microfabricated electrode pairs. The cells are then isolated into nanoliter compartments using pneumatically actuated PDMS valves. Following isolation, the cells are lysed open by applying an electric field using the same electrode pairs. With the ability to capture and compartmentalize single cells our device may be combined with analytical methods for in situ molecular analysis of cellular components from single cells in a highly parallel manner.
INTRODUCTION
There is increasing evidence indicating the variation in both protein and gene expression amongst individual cells in the same cell population [1] [2] [3] [4] [5] [6] [7] [8] [9] . Common techniques require a multitude of cells, thus providing only an ensemble measurement of a cell population and overlooking the inherent heterogeneity amongst the individual cells. Therefore, it is imperative that technologies be developed to enable high throughput molecular analysis at the single cell level. These technologies will have tremendous implications in many fields such as drug development, clinical diagnostics, cancer and stem cell research. While methods such as flow cytometry are available, there has been a movement toward the development of microfluidic devices for single cell analysis. These devices, with dimensions in the same range as those of mammalian cells, allow for a more controlled and precise manipulation of single cells. In addition, microfluidic devices can be fabricated with multiple functions enabling cell capture, lysis, and analysis within the same device.
Many microfluidic platforms have been demonstrated for the analysis of single cell contents 1, 8, [10] [11] [12] [13] [14] . These approaches, however, can only be used to interrogate a single cell or a few cells at a time. There is still a lack of devices that enable the capture and isolation of a large number of individual cells for high-throughput single cell analysis. While methods are available for parallel capture of a large number of cells by physical barriers 8, 15 , pre-fabricated arrays 4, 5, 16 , or electric fields 13, [17] [18] [19] , these methods do not fully isolate each cell from one another. They are not compatible with certain downstream processes, such as single-cell protein or gene expression analysis, where the cellular contents from each cell must be kept isolated after cell lysis.
We describe a method for trapping and isolating cells in parallel using dielectrophoretic cell capture and a system of polydimethyl siloxane (PDMS) channels and valves. Individual cells are captured by positive dielectrophoresis (pDEP) atop a microfabricated electrode pattern along the length of a fluidic channel. The cells are then isolated from one another using pneumatically actuated PDMS valves into compartments where they can then be lysed open by an electric field. Dielectrophoresis (DEP) is the phenomena in which particles, including cells, can be manipulated in a non-uniform electric field 20 . The direction of movement is dependent upon the particle's relative permittivity to the medium. In positive dielectrophoresis (pDEP), the particles move towards the high field whereas in negative dielectrophoresis (nDEP), the particles move towards the low field. Both pDEP and nDEP have been shown to be capable of manipulating and trapping single cells with minimal perturbation to the cell itself 13, 14, 17, 18 . pDEP is employed in our device to capture individual cells using microfabricated electrodes. Each captured cell is compartmentalized by actuating the PDMS valves to close off the fluidic channels. Our design is derived from that developed by Unger et al. 21 . Similar valves have been used in many microfluidic devices for cell capture and formation of low volume compartments 1, 10, 22, 23 . Following cell compartmentalization, the same electrodes are then used to lyse the cells by applying an electric field 11, 14, 24 . Finally, our device will support downstream parallel molecular analysis of single cells in situ within the compartments, such as protein analysis using pre-fabricated antibody arrays and digital gene expression analysis by direct single molecule sequencing 25 .
EXPERIMENTAL METHODS

Fabrication of pDEP capture electrodes on glass wafers
As illustrated in Figure 1 , the electrodes were fabricated using standard photolithography and metal lift-off techniques on 100 mm diameter glass wafers. Following a dehydration bake at 120˚C for 10 minutes, the cleaned glass wafers were coated with hexamethyldisilazane (HMDS) (Shin-Etsu MicroSi, Inc.) and then spun dry at 4000 rpm on a spin-coater. A layer of Shipley Microposit LOL1000 (Rohm & Haas Electronic Materials, LLC) was then applied onto the wafer to a thickness of approximately 100 nm by spin-coating at 3000 rpm. After a soft-bake of the LOL1000 for 5 minutes at 150-170 ˚C, a positive photoresist, Shipley Microposit S1818 (Rohm & Haas Electronic Materials, LLC), is spin-coated at 4000 rpm onto the wafer and soft-baked at 115˚C for 90 seconds. The wafer was then exposed on a Karl Suss MA6 mask aligner in vacuum contact mode for 22 seconds using a transparency mask (Fineline Imaging). The photoresist was then developed in MF-321 (Rohm & Haas Electronic Materials, LLC) for 1 minute, rinsed in dH 2 O and dried with nitrogen gas. Resist descumming was then performed by exposing the patterned wafers to oxygen plasma in a Technics PEII-B plasma system at 100 W RF and 3 × 10 -3 Torr O 2 . Films of titanium, gold, and titanium were subsequently deposited onto the patterned photoresist by sputter coating on a Denton Discovery 18 sputter system. Titanium was deposited at 150 W for 1 minute, followed by gold at 200 W for 4 minutes, and titanium again at 150 W for 30 seconds at 3.0 × 10 -3 Torr Ar at 36-38 sccm. Metal liftoff was then performed by immersing the wafers in Microposit 1165 (Rohm & Haas Electronic Materials, LLC) remover with ultrasonication in a 70 ˚C water bath for 1 hour. The wafers were rinsed with isopropyl alcohol and dried with nitrogen gas.
Silicon dioxide was then deposited onto the patterned electrodes in an Oxford Plasmalab plasma-enhanced chemical vapor deposition (PECVD) system to a height of ~250 nm. Deposition was conducted at 350 °C and 20 W RF using 710 sccm N 2 O and 170 sccm SiH 4 at 1 Torr. The silicon dioxide layer was then coated with a layer of HMDS by spin-coating at 4000 rpm and then with a layer of positive photoresist, Shipley Megaposit SPR 220-3.0 (Rohm & Haas Electronic Materials, LLC), by spin-coating at 3000 rpm. Following a soft-bake at 115 ˚C for 90 seconds, the wafer was exposed again on the MA6 mask aligner in vacuum contact mode for 15 seconds using a transparency mask (CAD/Art Services). A post-exposure bake was performed at 115 ˚C for 90 seconds and the photoresist was then developed in MF-24A developer (Rohm & Haas Electronic Materials, LLC) for 1 minute. The wafer was then rinsed in dH 2 O and dried with nitrogen gas. The remaining photoresist was hard-baked at 120 ˚C for 10 minutes. Finally, the pattern was etched through the silicon dioxide to expose the underlying electrodes by immersing the entire wafer in a buffered oxide etch (6:1 of 40% NH 4 F: 49% HF) for 135 seconds and then thoroughly rinsing in dH 2 O. The photoresist was then stripped by immersing the wafer in acetone and then isopropyl alcohol. Finally, the wafer was rinsed with dH 2 O and dried with nitrogen gas.
Fabrication of molds for PDMS fluidic and valve control channels
The molds for PDMS fluidic and valve control channels were fabricated using the procedure developed by Unger et al. 21 . 100 mm silicon wafers (MEMC Electronic Materials, Inc.) were first cleaned thoroughly by immersing in Piranha solution at 85 °C for 10 minutes, followed by a rinse in dH 2 O, a one minute immersion in buffered oxide etch (6:1 of 40% NH 4 F: 49% HF), and then another rinse in dH 2 O. The wafer was then dehydrated by baking at 120 ˚C for 15 minutes.
For the fluidic channel molds, the wafer was primed with HMDS by spin-coating at 4000 rpm. A positive photoresist, Shipley Microposit SPR 220-7.0 (Rohm & Haas Electronic Materials, LLC), was then spin-coated onto the wafers at 3000 rpm for 1 minute. After the wafer was soft-baked at 115 ˚C for 2 minutes, an additional layer of SPR 220-7.0 was spin-coated onto the wafer and soft-baked at 115 ˚C for 3 minutes. The photoresist was then exposed using a transparency photomask (CAD/Art Services) on a Quintel contact aligner for 75 seconds at 10 mJ/cm 2 . The wafers were then stored overnight at ambient conditions. The wafer was then developed in MF-24A for 10-40 minutes, rinsed thoroughly in dH 2 O, and dried with nitrogen gas. To achieve rounded features needed for the fluidic channels, the photoresist was reflowed by heating at 120 ˚C for 20 minutes.
For the valve control channel molds, a negative tone photoresist, SU 8-25 (MicroChem Corp.), was spin-coated onto the wafers at 1100 rpm after a dehydration bake. The photoresist was then soft-baked at 65 °C for 5 minutes and then 95 °C for 15 minutes. The wafer was then exposed to the valve pattern using a transparency photomask on a Quintel contact aligner for 20 seconds. The photoresist was then baked at 65 °C for 1 minute and 95 °C for 4 minutes, and then developed in SU-8 developer (MicroChem Corp.) for 6 minutes. The wafer was then rinsed in isopropyl alcohol and dried with nitrogen gas. Finally, the photoresist was hard-baked at 130 °C for 15 minutes to enhance the mold strength and durability.
All mold height and profile measurements were performed with a Dektak 150 surface profiler (Veeco Instruments, Inc.) using 5 mg of force and a 12.5 µm diameter probe tip.
Fabrication of PDMS fluidic channels and valves
Prior to use, the molds for the fluidic channel and valve control layer were passivated with tridecafluoro-1, 1, 2, 2-tetrahydrooctyl-1-trichlorosilane (Pfaltz and Bauer) by vapor deposition. The wafer-molds were placed for 1 hr in a vacuum chamber containing 15 µL of the fluorosilane solution in a small aluminum dish. 10 g of a 20:1 mixture (part A:part B = 20:1) of Sylgard 184 (Dow Corning) and 40 g of a 5:1 mixture were prepared and degassed in a vacuum chamber. The 5:1 PDMS mixture was poured onto the valve control channels mold in a polycarbonate dish and degassed again in a vacuum chamber. The 20:1 PDMS mixture was spin-coated onto the fluidic channel layer mold at 1150 rpm. Both PDMS layers were then allowed to cure at 65 ˚C for 30 minutes. The PDMS valve control layer was then peeled off the mold and holes were punched through the layer for fluid connections with a 0.5 mm diameter punch (Ted Pella, Inc.). The PDMS valve control layer was aligned to the fluidic channel layer and the two were bonded together by heating at 80 ˚C for 1 hour. The two layers were then peeled off the fluidic channel mold together and holes were punched for the fluid channel inlets and outlets.
Device Integration
The final device, as depicted in Figure 2 , consists of the glass substrate with the microfabricated pDEP electrodes and the PDMS fluidic and valve control channels. To bond the PDMS fluidic channel and valve control layers to the electrode substrate, the two were first exposed for 3 minutes in an UV ozone plasma cleaner. The two were then aligned to one another and bonded together by curing at 80 ˚C for 1 hour. Fluid connections were made by stainless-steel metal tubes (New England Small Tube, 0.032 OD x 0.025 ID, 0.500" length, type 304, cut, deburred, passivated) inserted into the pre-punched holes in the PDMS. Perfluoroalkoxy (PFA) tubing (0.03 ID x 0.0625 OD, Upchurch Scientific) was slipped onto these metal tubes. Solution delivery and valve control was performed by pressure-driven flow and an in-line valve and regulator (AirTrol, Inc.). Electrical connections to the pDEP electrodes were made using wires soldered to copper tape placed on the fabricated bus bars. 
Cell Culture
Jurkat T-lymphocytes (E6.1, Sigma-Aldrich Co.) were maintained in standard culture conditions (37 ˚C and 5% CO 2 ) in RPMI 1640 medium (Mediatech, Inc.) supplemented with 10% fetal bovine serum (Mediatech, Inc.) and 1% penicillin/streptomycin (MP Biomedicals). For experiments using fluorescent detection, the cells were stained with a green fluorescent membrane dye, Vybrant DiO (Invitrogen, Inc.), according to the manufacturer's protocols. The cells were then exchanged into a low salt isotonic buffer (0.01x PBS with 300 mM sucrose, 150 µS/cm) at ~1-5 x 10 5 cells/mL for loading into the microfluidic device.
Cell Capture and Lysis
The cell capture procedure is illustrated in Figure 3 . The microfluidic device was mounted on a stage adaptor onto an inverted epifluorescence microscope (Axiovert 200M, Carl Zeiss, Inc.). Cells suspended in the low salt isotonic buffer were loaded into the microfluidic channels by pressure-driven flow at 0.3-0.7 psi while an AC sine at 10 V pp and 10 MHz was applied using an Agilent 32220 function generator to the electrodes to capture the cells. After the cells were captured by pDEP, one on each electrode pair, the air pressure to the cell loading lines was shut off and re-directed to the PDMS valve control lines. The PDMS valves were then actuated by increasing the pressure to ~10 psi to compartmentalize the cells. Cell lysis was then performed by increasing the voltage to the electrode pairs to 20 V pp and decreasing the frequency from 10 MHz to 10 kHz. Bright-field and fluorescence images were captured using a 10x/0.3 NA Plan-NeoFluar objective (Carl Zeiss), a 1-megapixel EMCCD camera (iXon plus 885, Andor Technology, PLC) and a fast wavelength-switching light source with a 300 W xenon arc lamp (Lambda DG-5, Sutter Instrument Co.). The green fluorescence of the Vybrant DiO was imaged in the FITC channel using Solis software (Andor Technology, PLC). 
RESULTS AND DISCUSSION
Electrode design considerations
In designing the capture electrodes, we chose to use pDEP, as opposed to nDEP, for cell capture. Initially, we attempted an nDEP electrode format similar to that used by Mittal et al. 13 . We found that the nDEP holding forces were too weak to hold the cells effectively during washing. In addition, cell lysis requires the presence of very high field strengths more compatible with a pDEP design. Our pDEP electrodes consist of pairs of inter-digitated, 25 µm wide electrodes with triangular tips 10 µm apart from one another (Figure 1 ). These triangular tips provide regions of high field strength for positive DEP to be more effective. To ensure that the dielectrophoretic field is exposed only at the tips, the electrodes are overlaid with an insulating layer of silicon dioxide and 10 µm holes are etched directly over the triangular electrode tips. The dielectric insulation layer prevents the cells from being attracted to the electrode across the entire length of the electrode in the fluidic channel and allows for each cell to be trapped in a small area large enough for only one cell. The silicon dioxide layer also prevents the cell from directly contacting the gold electrodes where it could be damaged or lysed during the cell capture process. Moreover, the silicon dioxide serves as a uniform surface to which the PDMS fluid and valve channel layers can be strongly and easily bonded.
Our current design, although capable of capturing, isolating, and lysing single cells, can be improved. The 250 µm wide channels are considerably larger than a typical mammalian cell in suspension, which is only tens of micrometers in diameter. The electrodes for cell capture are centered in the channel, leaving much of the channel open. This results in inefficient cell capture since the cells are distributed across the channel width and only those passing directly over the capture electrodes can be trapped. In addition, the surface of the substrate is prone to non-specific binding of the cells. Improvement could be made by focusing the cells towards the capture electrodes, possibly by electric fields, sheath flow, or physical mechanisms. The non-specific binding of cells to the channel surfaces can be mitigated by chemical modification of the substrate surface or by applying repulsive electric fields.
Compartmentalization by PDMS valves
Our channel and valve design is based on that described by Unger et al. 21 . In brief, it consists of a two-layer PDMS structure with the top layer comprised of valve control channels orthogonal to the fluidic channels patterned into the bottom layer. Figure 4 shows a bright-field image of the fluidic and valve control channels on an assembled device. Actuation of the upper valve control layer causes the membrane of PDMS between the layers to expand and pinch down, thereby closing off the fluid channels (Figure 4-2) . Thus, the valves are only located at the intersection of the valve control lines and the fluidic channels. The fluid channel height of 25 µm was designed to give ample room to accommodate a single Jurkat cell used in our experiments. To maintain the necessary 10:1 aspect ratio for proper valve closure, the width of the channels is 250 µm. The valve control lines are designed at the same pitch as the pDEP electrodes, 500 µm, so that each pair of pDEP capture electrodes can be valved off into isolated compartments. When a pressure of 10-15 psi was applied to the fluid filled valve control lines the fluidic channels could visibly be seen to pinch off (Figure 4-2) and the pDEP capture electrodes were isolated into individual compartments. The fluidic channels were patterned to be ~30 mm in length, with 60 capture compartments of ~1 nL volume along the length of each channel. Each compartment's volume can be decreased if the valve and electrode pitch is decreased or the fluidic channel is made narrower. A smaller volume in the compartment results in a higher concentration of intracellular molecules upon cell lysis, enabling more efficient in situ analyses of these molecules. Additionally, decreasing the pitch of the electrodes and valves or higher density channels will greatly improve the throughput capabilities of the device. 
Singe cell capture and lysis
As shown in Figure 5 , we have demonstrated the ability to capture single cells by pDEP using an AC sine wave at 10 V pp and 10 MHz. The cells were captured from a fluid suspension driven through the channels with a pressure of 0.3-0.7 psi. Since the exposed triangular tips of each electrode pair are only 10 µm apart, only one cell can be captured by each electrode pair. After the cells were captured and compartmentalized, they were lysed using an electric field by increasing the voltage to 20 V pp across the electrode pair. The resultant electric field has a maximum strength of 2 MV/m at the tips of the electrodes. To visualize the deformation of the cellular membrane during this process, the cells were pre-stained with a fluorescent membrane dye. It could clearly be observed that the membrane deformed when the frequency of the applied AC sine wave was reduced to 10 kHz. The reduction of the frequency to 1 kHz or below, however, resulted in visible hydrolysis and bubble formation, which may be detrimental to the device and the cellular components, such as nucleic acids and proteins. In addition, the formation of the bubbles could compromise the sealing of the valves and Joule heating could undesirably raise the temperature of the fluid. Future optimization of the conditions for cell capture and lysis conditions will be required to avoid these effects. 
CONCLUSIONS AND FUTURE WORK
We have developed a microfluidic device which incorporates electrodes for single cell capture and lysis by electric field and PDMS channels and valves for the isolation and compartmentalization of the individual captured cells. We have shown that single cells suspended in a low salt isotonic buffer can be captured by pDEP with the triangular-tipped electrode pairs 10 µm apart using an AC sine wave of 10 V pp at 10 MHz. After the individual captured cells were isolated by using pressure-actuated PDMS valves, the cells were subsequently lysed open by increasing the AC field to 20 V pp and decreasing the frequency to 10 kHz. The compartmentalization will allow for downstream molecular analysis of cellular components within each cell without interference from other cells. By incorporating in situ analysis techniques, such as pre-fabricated antibody arrays within each compartment, this device may enable single cell proteomic or gene expression studies. This device provides a platform for parallel capture, isolation and molecular analysis of thousands of cells in a highly parallel manner directly within a single integrated microfluidic device.
